Previous research into drug-hair binding shows that hair color affects drug-hair binding. There are no structural disparities in hair of different colors other than the type and content of melanin present. For this reason, this investigation focuses on synthetic eumelanin as a site for drug interaction using amphetamine as the candidate drug. The binding study was carried out at room temperature. The interaction between synthetic eumelanin and amphetamine was monitored using UV-Vis spectrophotometry at 257.2 nm. As the molecular weight of melanin is unknown, the number of binding sites could not be calculated directly. Hence the ratio of the number of pmoles of drug bound and the dry weight of melanin in/sg was considered. Equilibrium was reached when approximately 32% of the drug was bound to melanin. Hence this study proves that amphetamine binds to synthetic eumelanin in vitro. Data interpretation using Scatchard analysis yielded a curvilinear plot with upward concavity indicating multiple binding sites on melanin and negative cooperativity.
Introduction
Hair analysis for drugs history dates back to the 1950s. One of the first publications on this subject dates back to 1954 with the investigation of barbiturates (1, 2) . Hair analysis is important in forensic toxicology for the exploration of historical drug use over long periods of time. Evidence from previous research suggests that greater amounts of drug have been detected in black hair than in blond and white hair (3) (4) (5) (6) . Because there is no substantial variation in different colored hair (7) other than in the pigmentation (i.e., melanin), it was decided to research the binding of amphetamine to melanin.
Amphetamines are central nervous system stimulants, which have sympathomimetic activity. Chemically, amphetamine is phenyl-isopropyl amine. Other amphetamine analogues are derived by substitution on the nitrogen and the ring system of phenyl-isopropyl amine ( Figure 1 ) (8) .
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ture has not been clearly defined. Hence, its molecular mass is unknown. It is a highly insoluble, polymeric compound, which is naturally present in four forms, namely eumelanin, phaeomelanin, neuromelanin, and allomelanin. Eumelanin and phaeomelanin are responsible for the coloration of skin and hair of animals. Neuromelanin is found in the substantia nigra nucleus of the human brain, whereas allomelanin is present in plants, micro-organisms, and soil. Black and brown pigmentations in animals are due to eumelanin, whereas red and yellow colorations are due to phaeomelanin. Eumelanin is available in two different forms: synthetic and natural eumelanin. In this regard, natural eumelanin is considered as melanin extracted from Sepia officinalis. Synthetic eumelanin is synthesized in vitro by the oxidation of tyrosine, either by hydrogen peroxide or by the enzyme tyrosinase as shown in Figure 2 (9) . Synthetic eumelanin is thus a heterogenous polymer consisting of 5,6-dihydroxyindole and 5,6-dihydroxyindole-2-carboxylic acid subunits. Although the monomers used in the synthesis of melanin are known, the extent of incorporation of each of the monomer units during the polymerization process is still not clearly understood.
Despite this, it has been shown that acidic and alkaline oxidative degradation of Sepia and synthetic melanin give similar yields of pyrrole-2,3,5-tricarboxylic acid, pyrrole-2,3-dicarboxylic acid, and pyrrole-tetracarboxylic acid (10, 11) , indicating that the two types of eumelanin are structurally similar. In addition, a number of binding studies have been carried out comparing synthetic melanin and natural melanin, and the same results were obtained regardless of the type of melanin used (12, 13) . In this paper, melanin is taken to mean synthetic eumelanin prepared by the oxidation of tyrosine by hydrogen peroxide. Melanin contains many polar functional groups such as hydroxyl, carboxylic acid, and amino groups, which may serve as attachment points for drugs. For this reason, a suitable drug candidate for binding to hair should be polar with functional groups, which may interact with melanin's functional groups. In light of previous research, which has been carried out, we chose amphetamine as a suitable drug candidate.
Several in vivo and in vitro binding studies have been carried out on the amphetamine-melanin interaction. A variety of direct and indirect methods have been used in these studies, including whole body autoradiography, equilibrium, and dynamic dialysis (14, 15 compared the results obtained using both direct and indirect methods. The authors stated that the direct method improves the understanding of the binding kinetics and mechanisms as small amounts of drug can be detected, whereas the indirect method needs much higher amounts of drug and melanin in order to be able to see the difference. They found a fourfold increase in the results from the indirect method as compared to the direct method and indicated that this could be due to the binding being overestimated in the indirect method used and underestimated in the direct method. When equilibrium, dynamic dialysis, and ultrafiltration methods are used, they could show erroneously high melanin binding due to nonspecific binding of the drug molecules to membranes or binding tubes.
All of these factors have been taken into consideration in the design of our procedure. Synthetic eumelanin is being used in a solubilized form, which means that results are not influenced by separation procedures. Avoiding the separation step here reduces the risk of overestimation of binding, which has been previously noted in indirect binding studies. In addition, to prove that the decrease in absorbance of drug is not due to dilution, controls of volume-adjusted drug sample were run parallel to each sample. Hence, the aim of this study is to use a simple, indirect in vitro method to measure the decrease in absorbance of amphetamine due to the interactions between amphetamine and melanin. 
Experimental
Melanin (synthesized by the oxidation of tyrosine with hydrogen peroxide) and d-amphetamine sulfate (molecular mass 368.5) were purchased from Sigma Chemical Company. Phosphate buffer (0.1M, pH 7.4) was prepared using di-sodium hydrogen orthophosphate and sodium di-hydrogen orthophosphate (Analytical grade, VWR International, U.K.). High-performance liquid chromatography gradient-grade water (Fisher Scientific) was used. As melanin is not completely soluble in pH 7.4 buffer, it was solubilized using dimethylsulphoxide (DMSO) and diluted in buffer. DMSO was chosen because it has been used previously in binding studies (21, 22) . It is a polar compound, which has capacity to accept hydrogen bonds. No literature is available on the effects of DMSO on the structure of melanin.
A 20-rag aliquot of melanin was dissolved in 1 mL of DMSO and then diluted to make a final concentration of 0.2 mg/mL. Sterile polystyrene tubes (Sarstedt International) were used for incubation of the amphetamine and melanin solutions. Quartz Suprasil | 300 cuvettes of 10-mm path length (Sigma Chemical Company) were used in a Genesys TM 6 Spectrophotometer (Thermo Spectronic) to monitor the interaction of amphetamine and melanin.
Time optimization
Four milliliters of d-amphetamine sulfate (0.5 mg/mL) was placed in a sterile tube and 20 IJL of 0.2 mg/mL melanin solution added. The resulting sample was measured every 15 min for 2 h. Four milliliters of buffer with 20 IJL of melanin was used as a blank to collect the background. The spectrophotometric measurement was taken in the scanning mode from 200 to 400 nm, focusing at 257.2 nm.
Binding study
An indirect method of measuring the decrease in absorbance in the fingerprint region of the amphetamine spectrum due to addition of melanin was used. A 4-mL aliquot of d-amphetamine sulfate of 0.5 mg/mL and 20 I~L of melanin (0.2 mg/mL) were added to a sterile tube. A blank was prepared in the same way as the sample was prepared using 4 mL of buffer instead of d-amphetamine sulfate solution. A positive control was also run each time with the buffer as blank. This control was prepared by adding buffer to the amphetamine solution instead of melanin. The tubes were incubated for 45 min as determined from the preliminary experiment on time optimization.
Samples were measured with their respective blank each time another aliquot of melanin (20 IJL) was added. Each sample was measured in the scanning mode with 0.1 nm scanning sampling interval with the cell correction on in order to reduce any error from the variation in the different batches of cuvettes. The scans were carried out over the range 250-264 nm. Once the initial reading had been taken, additional 20-1JL aliquots of melanin were added to the same sample and incubated with constant shaking at room temperature and measured until no further change in the fingerprint region of amphetamine spectrum was observed.
Binding data analysis
In 1949, George Scatchard described a graphic method for the derivation of the parameters of binding system (23) . This method, which involves characterization of a mathematically derived graph, is now popularly known as the Scatchard method. It is one of the most widely used graphical presentations for binding studies.
The theory behind Scatchard's method is that large polymeric molecules interact with small molecules via multiple binding processes and interact simultaneously with more than one ligand (24) . Each binding site on the macromolecule has an intrinsic association constant, denoted by K where:
K = [occupied sites] [free drug].[unoccupied sites]
If we take n as the number of binding sites per melanin molecule and r as the number of drugs bound per melanin molecule at free drug concentration c, then for one class of If our system has more than one class of binding site, r is calculated as follows:
The use of r, c, and n with regards to this binding study are defined in Table I .
To optimize the time required for the binding of amphetamine and melanin at the studied concentration, the interaction was monitored every 15 min up to 2 h. The plot of absorbance versus time is shown in Figure 3 . The standard deviation between the absorbance decrease at 30-45 min is 0.0014 and at 45-60 min is 0.0007. The deviation at 45-60 rain is less than the intersample standard deviation found during preliminary experiments on the stability and reproducibility of the amphetamine spectrum (0.0013). Hence, 45 min was considered as the optimum time required for binding. Figure 4 shows the effect of melanin on the amphetamine spectrum from 200 to 270 nm. From preliminary experiments in the scanning mode from 200 to 800 nm, no peaks or changes on the spectrum of amphetamine were detected beyond 270 nm. Hence, samples were measured from 200 to 270 nm. The region from 200 to 220 nm shows a bathochromic shift, which could be due to the interaction of carboxylic acid functional groups of the melanin macromolecule and the amino group of amphetamine. The n-n* transition of the carbonyl functional groups of melanin give an absorption band at 200-240 nm (25) . Figure 5 shows the effect of melanin on the characteristic spectral region of amphetamine in the area around its ~'m~ at 257.2 nm. A decrease in absorbance was observed as the amount of melanin was increased. In order to differentiate the decrease in absorbance of drug due to dilution and/or binding, positive controis of amphetamine were run at each step. This proved that the decrease in absorbance is not only due to dilution but also to binding. The total decrease in absorbance of drug due to dilution was 5%, whereas the total decrease in absorbance of drug due to interaction with melanin was 32%.
The absorbance data were recorded at the maximum recorded wavelength (D1) and at the maximum wavelength for amphetamine (D). These two values were used to calculate the fraction of drug bound (cr where:
and D 2 is the absorbance of amphetamine at the end point of the experiment. Table I shows the necessary parameters required for Scatchard analysis. In addition to the above, the total volume (T), the amounts of amphetamine (A), and melanin (B) noted. These values were then used to determine A/B, r, c, and r/c where:
A r = a --and c = ( 1 -a ) A B The Scatchard plot is obtained by plotting a graph of r/c versus r as shown in Figure 6 . Figure 6 highlights the reproducibility of the method. The analysis was carried out in triplicate, and as can be seen, the method is highly reproducible. The Scatchard method accounts for small differences which may occur in sample preparation. The large y-axis errors at low x values and large x-axis errors at low y values are in line with the expected shape of the resulting curve.
Discussion
The binding of amphetamine to synthetic melanin in vitro was studied under normal room conditions and at pH 7.4. At pH 7.4, amphetamine will exist in an ionized or protonated form. The results are reproducible and each study was carried out in triplicate. Using spectrophotometry, this study revealed that amphetamine binds to melanin in vitro. The bathochromic shift observed in Figure 4 in the 200-220 nm region is possibly due to peptide bond formation between the protonated amine group of amphetamine and the carboxylic group of melanin. Peptide bonds are known to absorb in the 200-240 nm region due to the n-x* transition of the carbonyl group (25) . This view is supported by the work of Claffey et al. (26) who successfully identified several covalent adducts of melanin by matrix-assisted laser desorption ionization-time of flight analysis during the in vitro synthesis of melanin in the presence of amphetamine.
In the characteristic region of amphetamine, no significant changes were observed other than a decrease in absorbance at the maximum wavelength. In order to determine if this decrease in absorption is due to dilution or binding, positive controls of drug were run parallel to the samples. The decrease in absorbance in the samples was found to be significantly higher than in positive controls, indicating that the decrease is due to binding. As there is no change in the spectral properties of amphetamine at this point in the spectrum (i.e., the structure of amphetamine is not affected), the binding could be due to the Van der Waal's interactions occurring between aromatic indole nuclei of melanin and the aromatic structure of amphetamine.
The Scatchard plot in Figure 6 is curvilinear. This proves that amphetamine interacts with melanin via multiple binding sites. The curviliniarity is upwards, which indicates negative cooperativity between the binding sites on melanin. However, nonspecific binding and the deviations from the theory of multiple equilibrium would also result in a similar upward curvature (27) (28) (29) (30) .
Conclusions
It has been shown that UV-Vis spectrophotometry can be successfully applied to the determination of drug binding to melanin. Despite its use in determining the types of binding present in macromolecular interactions with small molecules, Scatchard analysis has many critics (31) (32) (33) . It requires a considerable assumption on the part of the analyst for interpretation of binding constants in the case of nonlinear plots. Although estimates of these values can be made using Scatchard analysis, in order to fully interpret the results, mathematical modeling is required. The results of these analyses have been entered into binding programs (Sigma Plot 8.0, Graph Pad Prism 4.0) in order to fully interpret the interactions between amphetamine and synthetic eumelanin. At present it has not been possible to fully determine all of the binding parameters and work is ongoing in this area.
